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etecting stress and fatigue cracks 
Finding and characterizing surface breaks using 
open-ended rectangular waveguides 
eta1 fatigue 
or failure 
u s u a l l y  NI begins from 
the surface. Aircraft fuse- 
lage, turbine blades and 
nuclear power plant steam 
generator tubings are 
examples of where this 
type of failure occurs. 
Hence, surface crack 
detection on structures is 
iniportant to on-line and 
in-service inspections of 
(arnntl) in the Electrical 
Engineering Department 
at Colorado State Univer- 
sity, are discussed. Micro- 
wave techniques in 
general and this particular 
approach offer certain 
unique advantages that 
can advance the state of 
the art of fatigue/ surface 
crack detection. (See box.) 
The basic features 
and capabilities of this 
technique have been theo- 
reticallv and exlserimen- 
metallic components. Fig. I The relative geometry of an open-ended waveguide and a 
metal surface with crack; a) side view, b) plan view (Yeh, eta/.). 
tally investigated these 
past few years. However, There are many con- 
ventional nondestructive 
testing (NDT) methods 
used for interrogating 
metal surfaces; however, 
each method possesses 
certain limitations and dis- 
advantages. Acoustic 
emission, dye penetrant, 
eddy current, ultrasonics, 
radiography techniques, 
and magnetic particle test- 
ing are examples of these 
techniques. In some envi- 
ronments, the technique 
used may not be optimum, 
but the only one that can 
more developmental work 
is needed to bring this 
technique from the labora- 




Microwave signals can 
penetrate inside dielectric 
materials and interact with 
their inner structure. This 
makes them excellent can- 
didates for nondestruc- 
tively inspecting dielectric 
be applied. media for detection of 
defects and material prop- 
researchers have attempt- erty characterization. 
ed using microwaves for surface crack not able to penetrate inside a conduct- However, for highly conducting media 
detection in metals achieving modest ing material due to their limited skin such as metals microwave signals 
success. None of these techniques, depths. However, they are well suited undergo a complete reflection at the 
however, have dealt with filled and for interrogating surface perturbations surface. Hence, they disclose only sur- 
covered cracks. In addition, these tech- such as surface cracks in a metallic face features such as surface cracks and 
niques have not shown crack character- structure. roughness. 
ization capabilities such as dimension Recent discoveries in using open- The basic idea behind our work is 
determination, tip location identifica- ended rectangular waveguides for that without a crack the metal surface 
tion, etc. They have also been mostly microwave surface crack detection and under investigation becomes a short cir- 
experimental efforts with little rigorous sizing have generated interest. cuit with very well known characteris- 
modeling work. Microwave signals are The foundation, potential, advantages tics. However, with a crack present 
and disadvantages of this methodology, higher order modes are generated (i.e. 
developed at the Applied Microwave surface currents are disrupted). 
Nondestructive Testing Laboratory The characteristics of the reflected 
Fig, 2 Surface cracks under coatings; a) single-layer coating, 
Since the late sixties, b) multi-layer coating. 
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wave inside the waveguide will change. 
Therefore, strategic probing of the 
fields inside the waveguide, as a 
cracked surface is being scanned, ren- 
ders information. The crack can be 
detected by using either: a) the effect of 
the reflected dominant mode signal 
(from the crack), or b) the effect of the 
reflected higher order modes. The 
results for both cases have been very 
encouraging. Cracks with widths of less 
than 3 microns have been consistently 
detected at frequencies of less than 40 
GHz. The signal-to-noise/clutter ratios 
associated with these two types of 
detected signals are greater than 10 dB. 
This holds true even for cracks only a 
couple of microns wide. Furthermore, 
the characteristics signal associated 
with a crack can determine the width, 
depth and the length of it. 
Figures la -b  show the relative 
geometry of an open-ended waveguide 
and a crack. Figures 2a-b show a metal 
surface coated with a single layer and a 
multi-layered dielectric coating. In both 
cases, the crack may be filled with a 
dielectric material as well. 
A microwave signal, generated by 
an oscillator, feeds a rectangular wave- 
guide which is terminated by the metal 
surface under test. The signal reflected 
by the metal surface interferes with the 
incident signal. It then forms a standing 
wave in the waveguide. The standing 
wave experiences a shift in location 
when a crack enters the waveguide 
aperture. This shift is then detected via 
a simple detector diode. 
The correct positioning of the diode 
can significantly improve its detection 
sensitivity. “Crack characteristic 
signal” refers to the detector voltage 
variations as a function of scanning dis- 
tance, 6, when a crack is scanned over a 
waveguide aperture. Figure 3 shows an 
experimentally obtained (dashed line) 
crack/slot characteristic signal for a 
crack with a width of 0.55 mm and a 
depth of 2.5 mm at 24 GHz. Each crack 
characteristic signal is unique to the 
given crack dimensions, the operating 
frequency and the waveguide dimen- 
sions. Therefore, “characteristic 
signal” is an appropriate name. This 
voltage as a function of 6 not only indi- 
cates the crack‘s presence (detection), it 
also tells the crack’s width, depth and 
length (characterization). 
Crack sizing 
While the crack is outside the wave- 
guide aperture, the diode registers very 
little voltage variation. This is because 
the waveguide is terminated by a rela- 
tively good short circuit. As the crack 
begins to appear within the waveguide 
aperture, the voltage experiences a 
rapid magnitude change. This is an 
indication of a rapid phase change in 
the reflection coefficient at the aper- 
ture. The rapid voltage change is an 
indication of one edge of the crack. 
The same phenomenon occurs when 
the crack leaves the waveguide aperture 
(indication of the other edge). The volt- 
age value does not change very much 
while the crack is inside the aperture. 
OCTOBER/NOVEMBER 1996 21 
Fig. 3 Crack Characteristic Signal for a long crack With Fig. 5 Calculated crack Characteristic signal for a crack 
with W= 0.84mm and D = 1.53 mm at24 GHz; 
empfy and filled with dielectric (E~ = 2 - j0.2). 
W = 0.55 mm and D = 2.5 mm at 24 GHz; a) calcu- 
luted, b) measured. ' 
Fig. 4 Measured crack characterisfic signal for a crack Fig, 6 Measured crack characterisfic signals for a long 
with W = 0.5 I mm and D = I mm at 24 GHz; empty crack with W =  0.51 mm and D = 1.5mm af 24 GHz, 
and filled with rusf powder. 
However, its value is still different than 
that of a short circuit case. 
The distance between the voltage 
reversals for different cracks is primari- 
ly a function of crack width. (Although 
depth plays a minor role as well.) The 
signal level in the middle of the crack 
characteristic signal is a function of 
both the crack depth and width. After 
the crack's width is estimated, the sig- 
nal level in the middle of the crack 
characteristic signal can estimate depth. 
However, a swept frequency approach 
may render depth information indepen- 
dent of how accurate the width has 
been estimated. 
Mathematical models 
This problem can be modeled from 
an electromagnetic point of view using 
two distinct approaches. Utilizing these 
uncovered (flush) and covered with paper. 
theoretical formulations, the experi- 
mental results have been successfully 
replicated. The models allow for 
predicting the crack characteristic 
signal for a given crack at a certain fre- 
quency. Hence, they enable the opti- 
mization of experimental parameters 
for enhanced crack detection and 
characteristics evaluation. 
The first model developed at amntl 
employs a mode matching approach. 
To calculate the theoretical crack char- 
acteristic signal, appropriate boundary 
conditions at the waveguide aperture 
are applied. These conditions depend 
on the relative position of the crack 
within the waveguide aperture. 
The field equations are satisfied 
through an expansion in terms of 
unknown coefficients and the eigen- 
functions of the waveguide and the 
crack. These expansions are set up for 
the waveguide and the crack domains. 
A Fourier boundary matching approach 
is applied. The resulting calculation 
time depends on the number of higher 
order modes considered. 
The smallest number of higher 
order modes necessary to produce a 
good theoretical crack characteristic 
signal depends on the crack dimen- 
sions, the waveguide dimensions, the 
relative location of the crack within the 
waveguide aperture, the operating fre- 
quency and the desired accuracy. 
Using this approach, you need a differ- 
ent code for a crack totally inside the 
waveguide aperture or at the edge, or 
for finite cracks. 
The second model employs a 
moment solution approaGh. This 
approach utilizes the method of 
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Fig. 7 Measured two-dimensional 
crack characferisfic signal for 
an exposed (uncovered) crack 
with W = 0.305 mm and 
D = 2 mm at 24 GHz, showing 
the crack tip locafion. 
moments technique. Here, the system 
of a waveguide feeding a crack can be 
described more generally greatly reduc- 
ing the computation’s complexity. 
In this approach, the waveguide and 
the crack are separated into two sys- 
tems. In each, the opening between the 
waveguide and the crack is replaced 
with an electric wall, and an unknown 
magnetic current density M across this 
aperture. The field equations are 
expanded in terms of unknown coeffi- 
cients, the eigenfunctions of the wave- 
guide and the crack. The basic 
functions for the unknown magnetic 
current density M are chosen. Their 
selected properties are similar to the 
magnetic field of waveguide modes. 
Subsequently, Galerkin’s method is 
used in this approach to evaluate the 
unknown field coefficients. In this 
form, the same derivation is applicable 
for long or finite cracks, empty or 
filled, inside or at the edge of the wave- 
guide aperture. The derivation can also 
be readily expanded to consider cov- 
ered cracks as well as for remote crack 
detection. The difficulty in satisfying 
all the boundary conditions as encoun- 
tered in the mode matching approach is 
therefore avoided. This method was 
used to produce the calculation results 
presented in this article. 
Comparing theory 
and measurement 
To show the validity of the moment 
solution approach, the calculated and 
measured crack characteristic signals 
are compared as shown in Fig. 3.  The 
agreement between the two crack char- 
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acteristic signals is very good. The 
slight deviations are due to a limited 
number of modes used in the calcula- 
tion, the imperfection in machining a 
cracWslot in a metal specimen as spec- 
ified and the detector diode character- 
istics. 
Filled cracks 
Filled cracks are common occur- 
rences in steel bridges and other metal- 
lic structures. Hence, it is very 
important to be able to detect cracks 
filled with dielectric materials. The 
properties of the crack characteristic 
signal for an empty crack have been 
documented. However, when the crack 
is filled with a dielectric material its 
crack characteristic signal changes. The 
change occurs because a filled crack 
can be considered as a cavity with dif- 
ferent resonant characteristics. This 
causes a reduction in the width of the 
crack characteristic signal. 
Furthermore, a filled crack has a 
longer electrical depth than an empty 
one. This is the main cause for the sig- 
nal level change in the middle of the 
crack characteristic signal. Figure 4 
shows the measured crack characteristic 
signals for a cracWslot with a width of 
0.51 mm and a depth of 1 mm, recorded 
at 24 GHz, when empty and when filled 
with rust powder. The reduction in the 
signal’s width (distance between the 
two sharp transitions), and the change in 
the middle level of the signal are evi- 
dent. Figure 5 shows the calculated 
crack characteristic signals for a 
crack/slot with a width of 0.84 mm and 
a depth of 1.53 mm when empty and 
when filled with a dielectric material 
(E‘ = 2 - j0.2). The calculated results 
also follow a similar trend. 
Cracks under 
dielectric coatings 
Detecting cracks under dielectric 
coatings, such as paint and corrosion 
protective materials, is of great practi- 
cal value. To demonstrate the potential 
and effectiveness of this microwave 
method, several experiments were con- 
ducted. The source was a crack/slot 
with a width of 0.5 1 mm and a depth of 
1.5 mm. This crack was scanned, at 24 
GHz, once without any dielectric coat- 
ing on it (flush). Then it was subse- 
quently scanned four times. Each time 
an additional layer of wrapping paper 
covered the crack. 
At 24 GHz, wrapping paper has simi- 
lar dielectric properties as common paint, 
plastic, kevlar, synthetic rubber, etc. 
while it provides a uniform thickness of 
about 0.04 mm. Figure 6 shows the 
results of these measurements. The sharp 
peaks, characteristic to exposed cracks, 
consistently broaden when the crack is 
covered with additional layers of paper. 
This effect is primarily due to radia- 
tion within the dielectric material 
(wrapping paper). This causes the crack 
edges to be “seen” before the wave- 
guide aperture comes directly over the 
crack. Hence, while measuring, it is 
unlikely that due to a coarse scan step 
size, the transition corners are jumped 
over and not detected. 
This means a scanner does not need 
to have a high spatial scanning resolu- 
tion. Cracks under 2 mm thick of 
dielectric coatings (similar to paint) 
without any measurement optimization 
can be detected. For a thicker and 
lossier dielectric coating, the overall 
signal level will decrease. 
2D crack 
characteristic signals 
To demonstrate the capability of 
using an open-ended waveguide for 
crack detection, a two-dimensional 
scan was performed. It was done on a 
milled crackhlot with a width of 0.3 
mm, and a depth of 2 mm at 24 GHz. 
The purpose to demonstrate how 
microwave images of cracks can be 
generated. Figure 7 shows the two- 
dimensional crack characteristic signal 
of this crack. 
From this image, you can obtain the 
crack geometry information, such as 
orientation, length, width and depth. 
The change in signal level, a crack tip 
in the figure, indicates that the tip of the 
crack partially moved out of the wave- 
guide aperture. This image shows the 
capability of detecting crack edges and 
tips (corners). 
Simpler techniques have also been 
developed for crack tip location identi- 
fication. Crack tip location identifica- 
tion is an important practical issue 
when repairing structures such as steel 
bridges. Crack propagation is halted by 
drilling a hole at the crack tip. Thus, 
accurate identification of the tip loca- 
tion is necessary. The measurements 
conducted with the two approaches 
indicate that crack tip locations may be 
identified to within 0.25 mm of their 
actual locations for exposed, empty, 
filled, and covered cracks. 
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Fig. 8 Ey field distribution in the aperfure 
plane (z = 0) for a finite crack 
with L = 6 mm, W = 0.84 mm 
and D = 1.53 mm af 24 GHz, at the 
relative coordinates (x = 2.5 mm, 
y = 1.0 mm) over the waveguide 
aperture. 
Field distribution 
The tangential electric fields must 
vanish over the conducting surfaces: 
whereas they must be continuous over 
the aperture. To show the versatility of 
the moment solution approach, the tan- 
gential electric field distribution over 
the waveguide aperture for a finite 
crack is evaluated. The finite crack is 
located in the middle of the waveguide 
at the relative coordinates x = 2.5 mm 
and y = 1 mm (refer to Figure Ib), 
respectively. The electric field distribu- 
tion is shown in Fig. 8. As expected, 
the field approximates zero over the 
conducting surfaces in the waveguide 
aperture. However, more modes would 
be needed to further reduce the ripples. 
Higher order mode 
detection scheme 
Changes in the dominant mode char- 
acteristics of a waveguide can be used 
for crack detection. Another method 
involves the detection of higher order 
modes at the waveguide aperture. A 
probing antenna located along the nar- 
row dimension of the waveguide, close 
to the aperture, picks up the electric 
field magnitude. This is due to the 
higher order modes. 
In the absence of a crack, there are 
no higher order modes present. Theo- 
retically, the magnitude of the mea- 
sured signal associated with higher 
order modes is zero. However, the pres- 
ence of a crack generates higher order 
modes; subsequently, a finite amount of 
signal is measured. Hence, theoretically 
a signal-to-noise ratio (SNR) of equal 
to infinite is achieved. 
This method is also applicable for 
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cracks covered with dielectric coat- 
ings. Again, for covered cracks the 
development of a theoretical code 
will assist in choosing optimized 
measurement parameters. The sensi- 
tivity of this method has shown to 
vary as a fnnction of the operating 
frequency. 
Conclusions 
The microwave method described 
has proven to be very effective 
in detecting and characterizing sur- 
face cracks in metals. It is inexpen- 
sive and can readily be applied in 
various environments. Ths  approach 
applies to exposed, empty, filled 
and covered cracks. Cracks may also 
be detected remotely (i.e. the 
use on a liftoff in between the wave- 
guide aperture and the surface under 
examination). 
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